Abstract: New algorithms for the automatic restoration of antique documents affected by foxing and by yellowing deterioration processes are proposed in the paper. The physical restoration of such objects is both expensive and hard to carry out by nonspecialised library personnel. The proposed algorithms ensure fast and less expensive results, and can be used also by nonqualified operators. Moreover, these techniques improve the performance of optical character recognition operators.
Introduction
Antique books and handwritten documents represent an immense patrimony distributed in thousands of private and public libraries, museums and archives all over the world. Digital reproductions are a powerful tool to share this patrimony and to preserve the original materials. Large intellectual and financial resources have already been devoted to this purpose. Examples of supported projects in the field abound; without claiming to compile an exhaustive list, we may mention the Universal Library Project [1], the Digital Libraries Initiative [2] and the EU-funded BRICKS Digital Library project [3] . The digital copy of a document should be as close as possible to the original, with all its physical extra-textual features (including not only glosses and all manuscript signs, but also stains, chromatic alterations, and so on), which are part of the object's history and can be of the utmost importance from a philological point of view.
On the other hand, by digitisation and subsequent virtual restoration, we can try to improve the usability of the object by obtaining a better image. This procedure would also enable us to reconstruct an excellet virtual copy, for instance, of a single extant copy of an edition, especially when it is affected by structural or chromatic pathologies. Two more advantages derive from a virtual-type operation of restoration: it allows the work to be read by numerous users without affecting the original document traumatically or irreversibly, and the use of the computer allows for the greater part of the operations of restoration to be simulated, so as to supply instruments and materials that will help the 'official restorer' in planning future work and appraising the final result.
Finally, digital reproduction and restoration represent the only possible salvation for severely damaged books, like the ones in the prestigious Herzogin Anna Amalie Bibliothek in Weimar, Germany, recently damaged by fire [4] .
A typical processing chain for a page to become a digital document is not easily defined, because its steps are strongly dependent on the purpose of the procedure. After the scanning process, which must be performed accurately avoiding UV illumination and limiting visible light exposure and mechanical stress on the book's binding [5] , the document may be segmented into its text, graphic, background components; it may be compressed, separately or jointly, it may be binarised and input to an OCR system [6] [7] [8] . Owing to the humidity or unintentional water interaction, the pages in old books can be deformed and take local wave-like shape. When we acquire these books, the deformations produce projective distortion (skew) in the final image and different colours in its background. If the distortion is significant and produces irregular text lines, it cannot be ignored. In this case, different warping algorithms can be applied [9, 10] . For example, Brown et al. [9] suggest to create a planar representation of a document that is modified to obtain a flat area. An important element of the overall treatment is the restoration phase. To be generally applied without incurring the criticism of the paleographic expert, the latter has to be performed, granting that the processed document gets rid of the defects which are due to aging, but does not lose its original characteristics such as the texture of the paper and the different shades of the ink [11] .
There are several algorithms to approach the digital restoration of antique documents. In [6, 12, 13] , a Markov-random-field (MRF) model is used to describe the properties of the boundaries of text characters. The algorithm optimises this model to produce an output where the text is enhanced. This process requires high computational cost and is usually realised using approximations. To recover ancient text in an Archimede's manuscript, multispectral imaging techniques have been applied [14, 15] . The images are acquired with four different wavelengths. The results of these acquisitions depend on the ink properties. Usually, one wavelength reveals the text, while the other ones are helpful to build an image where the text is enhanced. Despite the good results of these techniques, they can be rarely employed due to the multispectral capturing procedure that is very expensive.
In this paper we describe a new algorithm for virtual automated restoration of old (since 14th century) paper affected by foxing and yellowing deterioration processes.
Local red-brown discolourations of paper are indicated as 'foxing'. Preservation science researchers have not completely understood the cause of this phenomenon [16] [17] [18] [19] ; it is presumably triggered by high humidity and temperature in places where books and documents are stored. Other causes are certain ingredients found in older inks, and metals such as iron, left from paper-pulping methods. Moreover, the paper can be affected by microorganisms that can remain latent for decades awaiting conditions appropriate for growth. Physical restoration based on aqueous methods is often insufficient, and the use of a laser with suitable wavelength has been proposed [20] . With aging, the paper changes its colour and becomes yellowish (Fig. 1) . This deterioration depends on the acid introduced in the manufacture of paper as well as on those absorbed from the environment [19] . Despite the fact that this phenomenon can be today avoided by storing the documents with controlled humidity and air pollution [20] , there exists a huge amount of already damaged documents.
It is important to notice that different classes of damaged documents can be manipulated using the proposed technique, ranging from documents whose paper has become yellowish or brownish to cases in which humidity has made the paper ondulated, or when the sheet was folded and bending remnants are visible in the scanning process. With respect to the ink, decolouring can be present, or the writing on the back of the sheet may be visible on the front by transparency. Experimental results show that, in all the mentioned cases, the proposed process performs satisfactorily, without having to change the values of the parameters indicated below in this paper.
The proposed algorithm can also be used to improve the performance of an optical character recognition (OCR) system. Different algorithms have been proposed in the literature for this purpose [21 -23] . In [21] , a restoration algorithm for the Pahlavi or Middle-Age Persian manuscript is provided. It is based on the morphological analysis and connected component concept to segment lines, words and characters in overlapped Pahlavi documents, to preprocess the text before OCR application. Also [22, 23] are based over a morphological analysis of the text, but, in this case, the best parameters are searched for in the neighbourhood.
2
Structure of the restoration process
The operators used for eliminating foxing and for paper enhancing have a similar structure (Fig. 2) . The input colour image I, represented by its R, G and B components, is first converted into a different colour space YC b C r , via a conventional transformation [24] . Both algorithms first work over the luminance matrix Y, then adjust the chrominance matrices C b and C r . The chrominance operators need as input C b , C r and a map created during the luminance restoration. We remark that the chrominance operations depend on the luminance ones; this happens because the human eye is more sensitive to the details is the luminance field than to those in the chrominance fields. For foxing restoration, an automatic detection phase aiming at finding the areas where the algorithm has to be applied precedes the luminance operators. This detection is performed over the chrominance matrix related to red C r, and produces a map Fox. As expressed in the preceding text, both algorithms work without user intervention. The following Sections give a complete description of the restoration procedure. For clarity, a block scheme of the luminance operators is shown in Fig. 3 .
The algorithms described in this paper use the rational filter (RF) [25] . Similar to other nonlinear operators [26, 27] , the RF enhances the image-attenuating small image variations, while preserving edges. It modulates the coefficients of a linear low-pass filter, to limit its action in the presence of luminance changes. We find that the RF is simpler and more effective than other techniques. Different versions of this operator can be devised; in the 
where k and A are parameters that control the filter and take positive values [25] . The image result Y r tends to have still well-marked large edges, while values inside a region are made homogeneous.
Foxing
The method we propose automatically detects the foxing stains and then produces a restored version of a page. The rationale behind the choice of the processing technique is the following. Detection is based on the chromatic properties of the defect, then the main aim of the restoration phase is to substitute damaged areas with a colour close to that of the paper background, without affecting the image information. To this purpose, a detail image is extracted first, typically containing printed or handwritten text and miniatures; the rest of the image is processed to eliminate foxing from homogeneous areas; finally, the two image components are merged. The chrominance information is modified only in areas affected by foxing and devoid of details.
Foxing detection
As the foxing damage is formed by a set of reddish-brown spots, we extract their position by analysing the chrominance matrix C r related to the red. Foxed pixels have the highest values in C r ; we set Max as the maximum value of C r , and we label as foxed all the pixels whose C r component has a value greater than Max-s, with s equal to a user-selected value. The matrix Fox is a map where the co-ordinates of foxed pixels are represented as a 'one' value.
Image detail extraction
First of all, we produce a smoothed image Y r from the original luminance values in Y. This image is obtained by applying n times over Y the simple RF in (1). A detail image Y hp is hence obtained as follows
where K is a shifting parameter which is set as follows. Let t be a threshold selected using Otsu's method [28] .The values of Y that do not belong to foxing areas (Fox(i, j) ¼ 0) and are not part of the text (Y(i, j) . t) are stored in the set M, then
The detail image Y hp will be used in the merging step.
Processing of foxed areas
The binary image Fox is the map of foxed areas. As expressed in the preceding text, it has value 1 for the pixels that belong to the foxing, and zero otherwise. In this step, we create a new map that is no longer a binary image but shows smooth transitions between 1 and 0. The slope of the transition is a direct function of the slope of the edges in the original image. To build this new map FFox we use the given RF applied over Fox using the image Y as an edge sensor. More precisely, we use n times (1) over Fox, where, in the denominator, Fox is substituted by Y:
Merging
In this step, we create a new luminance image where the foxing stains are restored. It is formed by merging the shifted high-pass image in the foxing areas with the original luminance value in the remaining parts of the image. This is achieved via the combination
Colour filtering
As expressed, the most important characteristic of foxing is its typical colour. This means that also the chrominance matrices need to be treated. Our algorithm corrects the foxed areas in the matrices C r and C b using the following rule
where 
4
Page enhancement
In this Section, the procedure is described for digitally reducing the yellowing of the paper. The proposed method makes the background aspect of the paper more homogeneous, reducing the humidity-induced local alterations; at the same time, parts of the characters which are discoloured are restored. As in the preceding Section, the algorithm divides the image into text and background. The text is enhanced, while the background is adjusted in colour. A rational filter is used for detail -background separation. A sigmoidal mapping changes the background luminance; its chromatic components are smoothed via median filtering, in areas determined by a binarised version of the background luminance.
Rational filter
The luminance component Y of the input image is processed by an RF. The image result, Y r , contains the most significant background and character structures in the original page. Small but important details in the page are lost in Y r , but are preserved in our procedure by evaluating the pixel-by-pixel ratio between the original and filtered images
The image Y d is multiplied back at the end of the tonal adjustment process, as indicated in Fig. 3 .
Tonal adjustment
We want to modify the values of Y r to enhance the contrast between the text and the background. To this purpose, we adjust the tonal range of the image using a nonlinear mapping having a sigmoidal shape. To enhance the differences between the text and the background, we use a curve Fig. 4 . We can control the contrast of the image by increasing or decreasing the slope of its central portion, and moving horizontally its centre [29] . Formal details for the mapping curve are reported in Section 5. The output image is more contrasted than the input one. It is multiplied by Y d , as indicated in Fig. 3 , to obtain Y n , and the result is used to adjust the chrominance matrices. Y n is also used in the RGB colour space conversion rather than the original Y.
Thresholding
In the image Y n the algorithm automatically searches for a threshold that divides the luminance histogram in two separate classes. We use again Otsu's method of threshold selection. As the histogram of Y n shows two separate peaks depending on the tones correction described in the preceding text, the threshold t selected by Otsu's method is effective. The image Y bw is the binary version of Y n , its pixels take a value of one only in the positions in which Y n (i, j) ! t.
Colour filtering
Based on the information derived from the luminance, we then correct the chrominance matrices. We modify only the chrominance values of the pixels that belong to the The new chrominance matrices are defined as follows:
The matrices C 0 b , and C 0 r are the new chrominance matrices for our algorithm. They are used with Y n to obtain the final image I f .
Experimental results
This Section shows results obtained by applying the proposed algorithm to some antique books. The processed images are real scans of old books, hence an 'original' version without defects does not exist. Consequently, the performances of the algorithm cannot be quantitatively compared using MSE or PSNR, neither can images produced by restorers be considered as original images to use in the comparison phase: physical restorers are not able to remove foxing and yellowing from the documents, they only stop the phenomenon. We have submitted our experimental results to the Biblion Centro Studi sul Libro Antico Onlus experts. Biblion [30] is an Italian centre Both algorithms proposed in this paper use the RF; the best parameters for 8-bit images are proposed in [25] , they are A ¼ 5 and k ¼ 0.03. The foxing restoration algorithm described in Section 3 needs two parameters: s and n. The former represents the number of colour levels that will be considered as belonging to foxing and it is set equal to 6. The latter indicates the number of iterations and we put n ¼ 10.
For the page enhancement algorithm in Section 4, it is necessary to choose the equation for the curve used during the tonal adjustment. For the sake of simplicity, we assume the use of a generic polynomial function which can be defined as follows
where N is the polynomial degree. In particular, for page enhancement, experimental results show that a good choice is to assume a flat shape of the tone mapping curve in 0 and in 1. More precisely, we set a null first derivative in 0 and in 1, and null second and third derivative in 1 (see the dashed plot in Fig. 4) . We can represent these constraints as follows
Owing to the fact that we set six constraints, the minimum polynomial degree we have to use is five (N ¼ 5 in (9))
By setting the constraints in (10), we obtain
These parameters are experimentally determined as best for the different classes of processed documents; their values are shown in Table 1 . Hence, they have not been adjusted for each image. We remark that the proposed methods do not need any parameter selection by the user and operate automatically. Fig. 5 reports a foxing restoration and page enhancement result (the same results are available on the web site http:// www.univ.trieste.it/ipl/antique_books/). The characteristic red-brown colour present in Fig. 5a is eliminated from the image in Fig. 5b , even if the background colour is not perfectly restored. To improve the visual quality, it is convenient to use the paper enhancement algorithm proposed in the preceding text (see Fig. 5c ). In Fig. 6 , the restoration of the image in Fig. 3 is reported. In this case, it can be noticed that the foxing stain in the last line of text is removed and the paper deformation has disappeared.
Figs. 7 -10 show some enhanced pages. It is possible to notice that the algorithm enhances the text and restores the background. It preserves the original characteristics of the paper and eliminates the artifacts.
In particular, Figs. 11, 12 and 13 show three examples of manuscripts where the background colour has been restored. More precisely, in Fig. 11 the pencil note in the upper-right corner is preserved and the text is well readable, even if the background has changed. In Fig. 12 the background has been restored and the text in the other part of the page is removed. The same effect has been obtained in Fig. 13 , where the dark area at the bottom has been eliminated without any loss of readability of the foreground text; also, the bleed-through effect visible in the original has almost disappeared. In Fig. 14 two examples of miniatures are shown that maintain their structure even if the backgrounds are restored. In Fig. 10b the blotches near the text have been eliminated even if the colour of the stamp has been preserved. In the original pictures in Figs. 8, 9 , and 10 some of the information, text and miniature, on the verso of the paper is visible (ink bleedthrough effect); the proposed algorithms strongly reduce this effect. In this case, of course, not all the damage is eliminated; for this purpose specific algorithms such as the one in [32] are needed, which are outside the scope of the present paper.
As described in Section 4, our technique uses the RF combined with the tones adjustment to divide the histogram in two separate peaks. If necessary, this marked separation in the histogram allows us to obtain a more effective thresholding. Fig. 15 shows the original luminance histogram and the histogram produced by our technique. It is possible to observe that the new histogram (Fig. 15b) has two separate peaks, while the histogram in Fig. 15a presents only one evident peak.
The latter observation suggests a further possible application for the operator, and we propose enhancing the performance of (OCR) algorithms which detect characters in document images [8] . Commonly diffused OCR systems give better results if the text is black on a white uniform background or vice versa. Obviously, they are based on the assumption that the original image is a high-quality document. Pages from an antique book are not an ideal input for any OCR algorithm: as described in the preceding text, they are usually characterised by a nonuniform background and they may be severely damaged. These problems, adding to the faulty recognition of particular characters used in antique printing, produce outputs that are often illegible and far from reality. An important task is the enhancement of the digital document preserving the text and eliminating background alterations [33 -35] . An important part of the OCR is the process of binarisation. We propose to use the techniques described in the preceding Sections to cope with this task. In particular, we suggest the creation of a binary image Y 0 bw , analogous to Y 0 bw as defined in Section 4 but with different parameters, and we use this image as the input of the OCR system. This binary image is obtained while eliminating the foxing where necessary, and applying the luminance operator for paper enhancement. For this purpose, we use a high-slope curve during the tonal adjustment. It is a 7th degree polynomial with three null derivatives in both 0 and 1 (see the dotted plot in Fig. 4 ). Similar to (10), we set the following constraints
To obtain good performances in the binarisation stage (which is involved in the OCR stage), we set a more flat shape for the tone curve y(x) in both 0 and 1 (three derivatives are involved). The number of the imposed constraints suggest we use N ¼ 7 in (9). The parameters used are reported in Table 2 and the resulting equation is
We have compared the OCR results obtained using a common software tool with and without the preprocessing method we propose. The input was a subset of the test images shown in this paper. Without preprocessing the average recognition error rate is 40%. This is a definitely poor result, and is due to the bad quality of the images and to the fact that some characters present in the antique documents are not included in the OCR software set. With our preprocessing, the error rate dropped to 25%: still significantly worse than what is expected in conventional office usage, but much better than the figure which the OCR itself can yield, and easily improvable by extending the characters set. Fig. 16 shows some image details with and without preprocessing; both have been binarised by the same (Otsu) operator. It should be emphasised out that the proposed method not only reduces the number of mistakes, but it makes the image better readable even by a human observer, and it has lower computational complexity than other techniques, e.g. based on MRF [6] . In Fig. 17 , several examples are shown of typical antique characters, like the elongated 's', and ligatures, 'joined' letters for certain letter combinations. In some cases, the proposed algorithm improves the OCR performances and the final recognition is correct. For example, the calligraphic versions of the letters 'A' and 'Q' are recognised by using the algorithm as a preprocessing step. There are other cases, like the elongated 's', where the results are not correct, because these letters are not present in the database. To compare the results with the preprocessing to the ones without, we would need an OCR program suitable for old fonts. In this respect, the only reference we found is [36] , which is suitable only for a specific font dated 1800 -1938. The documents we have to deal with are much older. We can reasonably suppose however that, by using an OCR program customised for antique books, the recognition error rate with the proposed preprocessing stage would decrease at least by the same amount as without the preprocessing.
Conclusions
In this paper, two operators for the virtual restoration of antique documents have been introduced. They improve the visual quality of documents by eliminating the foxing and the yellowing of the paper. It has to be stressed that these new methods are automatic and hence they become simple to carry out even by nonexpert operators. No user interaction is required, once the values of the parameters have been set. From this aspect, our experiments indicate that the values reported in Section 5 are valid for a wide range of images. Fast, inexpensive and effective results have been obtained, which demonstrate the competitiveness of our methods.
